ABSTRACT: Malaria is a complex parasitic disease that is currently causing great concerns globally owing to the resistance to antimalarial drugs and lack of an effective vaccine. The present study involves the characterization of extracellular secretory proteins as vaccine candidates derived from proteome analysis of Plasmodium falciparum at asexual blood stages of malaria. Among the screened 32 proteins, 31 were predicted as antigens by the VaxiJen program, and 26 proteins had less than two transmembrane spanning regions predicted using the THMMM program. Moreover, 10 and 5 proteins were predicted to contain secretory signals by SignalP and TargetP, respectively. T-cell epitope prediction using MULTIPRED2 and NetCTL programs revealed that most of the predicted antigens are immunogenic and contain more than 10% supertype and 5% promiscuous epitopes of HLA-A, -B, or -DR. We anticipate that T-cell immune responses against asexual blood stages of Plasmodium are dispersed on a relatively large number of parasite antigens. This is the first report, to the best of our knowledge, offering new insights, at the proteome level, for the putative screening of effective vaccine candidates against the malaria pathogen. The findings also suggest new ways forward for the modern omics-guided vaccine target discovery using reverse vaccinology.
Introduction
Malaria is caused by five species of protozoan parasites that affect humans, belonging to the genus Plasmodium: Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale, Plasmodium malariae, and Plasmodium knowlesi. Malaria due to P. falciparum is the most deadly, with predominance in Africa. According to the latest estimates, 198 million cases of malaria occurred globally and the disease led to 584,000 deaths. The burden is highest in the African region, where an estimated 90% of all malaria deaths occur, especially in children aged ,5 years (78% of all deaths). The life-cycle complexity of the malaria parasite makes the development of malaria vaccine a difficult task. Despite many decades of intense research and development effort, there is no malaria vaccine available commercially today, although 20 subunit vaccine constructs are currently under clinical trials or in advanced preclinical development. 1 The asexual blood stage of the parasite is responsible for this disease symptom and, consequently, has been the focus of research for vaccine development that imparts long-term immunological memory. 2 This memory is a cardinal property of the adaptive immune system where memory T-and B-cells play a crucial role in providing long-term protective immunity. 3, 4 Now it is widely accepted that B-cells and CD4+ T-cells are activated during the blood stages and CD8+ T-cells are activated during the pre-erythrocytic or liver stage of the Plasmodium life-cycle. [5] [6] [7] [8] Further, it has been demonstrated that effector CD8+ and CD4+ T-cells are generated in response to blood-stage malaria infection, and some of these cells may form a memory compartment with time. But, what percentage of these activated CD8+ and CD4+ T-cells are antigen-specific and whether the antigen-specific memory compartment is stable over time are matters of investigation. 9, 10 The limitation regarding the availability of the major histocompatibility complex (MHC) class I and II restricted epitopes that may be used otherwise to identify the precise numbers of malaria-specific CD8+ and CD4+ T-cells further aggravates the situation.
Therefore, it is important to understand the response of CD8+ and CD4+ T-cell epitopes induced by blood-stage infection, which may prove to be essential in the development of a vaccine that targets the erythrocytic stage of the malaria parasite. In order to design an effective vaccine leading to the generation of memory T-and B-cells against malaria, a sound understanding of the quality and quantity of the immune responses generated against malarial infection at the blood stage seems imperative. 9 Since humoral and cellular immune responses are interrelated, a functional B-cell response is not generated in the absence of T-cell help, and vice versa. However, to date, most vaccine formulations prepared against malaria have targeted only the induction of an antibody response. Because of the complex life-cycle of the parasite and its antigenic make-up, a vaccine design strategy that also incorporates T-cell-mediated immunity has its own benefits. 10 Thus, the T-cell epitopes that promiscuously bind multiple alleles of a human leukocyte antigen (HLA) may be prime targets for future vaccine and immunotherapy development because they seem relevant to a large proportion of the human population. 11 However, the experimental determination of binding specificities for even a single antigen and a single MHC allele is an expensive, laborious, and time-consuming process; at the same time, it is not practical to undertake a binding study of the MHC supertypes, which will involve large numbers of alleles. 12 Hence, the use of immunoinformatics tools for the initial screening and designing of suitable vaccine candidates is desirable covering antigenic variability and human MHC allelic diversity. 13, 14 Keeping the above facts in mind, the present study reports the use of a novel proteome mining strategy that integrates bioinformatics-based antigen/epitope predictions and HLA-supertype considerations for the purpose of identifying potentially immunogenic proteins from the asexual blood stage of P. falciparum. 15, 16 Moreover, peptide-based vaccines have the potential to deliver precisely defined epitopes with large scales of manufacturing at relatively low cost and to largely avoid concerns of microbiological contamination. However, there are challenges to synthesizing conformational B-cell epitopes and peptide antigens, with the limited epitopes eliciting insufficient immune responses in certain HLA alleles and children.
Methods
Retrieval of proteome sequence dataset. The proteome analysis of P. falciparum asexual blood stages reveals a set of 33 proteins with possible roles in immune modulation to potential antigens. 16 Since the accession number of the highly variable malarial adhesion protein (pfEMP 1) was not provided, it is excluded from the present study. The panel of the selected 32 proteins, of which 27 were novel extracellular antigens, was retrieved from the PlasmoDB7.2 database (http:// plasmodb.org/plasmo/) using the sequence retrieval tools associated with the database (Table 1) . These proteins are fairly diverse in their characteristics, with their size ranging between 159 and 6,147 amino acids (mean: 1507).
Methodology of the work. The characterization of potential vaccine candidates of the selected 32 proteins was done using the following computational tools: VaxiJen, 17, 18 SPAAN, 19 TargetP, 20 SignalP, 21 TMHMM, 22 and Allermatch™. 23 Moreover, similarity to human and mouse reference proteins and other related Plasmodium species was searched through the OrthoMCL database. 24 edu) provides a centralized warehouse for orthology prediction among multiple species and a centralized warehouse for orthology prediction among multiple species, while Allermatch™ (http://allermatch.org) was used for the efficient and standardized prediction of potential allergenicity of proteins and peptides according to the current recommendations of the FAO/WHO Expert Consultation. In order to identify the immunogenic proteins, the following immunoinformatics tools were used. MULTIPRED2 (http://cvc.dfci.harvard.edu/multipred2/) is a computational system for large-scale screening of peptide binding to multiple alleles belonging to HLA class I (-A, -B and -C) and class II (-DR) supertypes as well as to alleles belonging to an individual's genotype using netMHCpan 2.0 25 and netMHCIIpan 1.0 26 algorithms, respectively. Peptides with predicted half-maximal inhibitory concentration (IC 50 ) #500 nmol/L (nM) and .50 nM are considered as weak binders and those #50 nM as strong binders. NetCTL (http://www.cbs.dtu.dk/services/NetCTL) was used for the prediction of naturally processed CD8+ T-cell epitopes, integrating predictions of MHC class I binding affinity, TAP transport efficiency, and C-terminal proteasomal cleavage analysis. It has been demonstrated to have higher predictive performance than other similar Web servers such as EpiJen, MAPPP, MHC-pathway, and WAPP on all performance measures. 27 For predicting CD8+ T-cell epitopes, peptides binding to HLA class I supertypes with IC 50 (binding affinity) #500 nM, equivalent to the transformed binding affinity value $0.426 [ie, 1-log 50 k (aff nM)], the weight on C-terminal cleavage 0.1, and on TAP transport 0.05 were used, which resulted in optimal predictive performance. Peptides with a combined prediction threshold score $0.75 were marked as potential CD8+ T-cell epitopes, as suggested by Larsen et al. 28 The methodology used for computational antigen characterization and T-cell epitopes analysis is given in Figure 1 .
Results and Discussion
Current development of subunit vaccines are based on a single or a few antigens, and may therefore elicit too narrow response, providing suboptimal protection, further worsened by genetic diversity. 29 Doolan et al 15 and Crompton et al 10 have demonstrated that immunization with irradiated sporozoites induced protective immune responses that were broadly dispersed not only on a relatively large number of parasite antigens but also against multiple epitopes on those antigens with variable potency. Therefore, a robust approach to diverse antigen selection can be employed with multiple antigenic traits encompassing antigen structure, location, function, and results from various assays and models. 30 The genomes of the Plasmodium parasites range between 23 and 27 Mb in size and encode more than 5,000 putative proteins, but only ,0.5% of the P. falciparum genome, represented by antigens, is currently under clinical trials. 31 In the case of the asexual blood stage, recent clinical trials with the two leading candidate antigens, AMA1 and MSP1, have shown substandard results. [32] [33] [34] [35] Laboratory and field studies also support the concept of a multivalent malaria vaccine, where robust immune responses to multiple antigenic targets may be important for effective protection. [36] [37] [38] [39] The results of the reactivity studies on antibodies carried out by Singh et al 16 also showed that many of the selected parasite extracellular/secreted antigens elicit an immune response during natural infection; however, the specificity and efficacy were not reported. The present study covers a panel of 32 asexual blood-stage proteins (Table 1) reported in the proteomic data of Singh et al 16 for evaluating their potential as an antigen/vaccine candidate and their immunogenicity analysis. Out of 32 proteins, 31 were predicted as probable antigens (except no. 13) using the VaxiJen algorithm, 17, 18 with scores above the threshold value of 0.40 (Table 1) .
Vaccine candidate characterization. In order to characterize the panel of 32 asexual blood-stage proteins as vaccine candidates, the antigenic feature prediction tools available in the public domain were used. Since adhesins (surface proteins) are required at various stages of the malaria parasite life-cycle and often considered as good vaccine targets, the prediction for being an adhesin and adhesin-like was done using the SPANN program 30 on the basis of their adhesin probability threshold score above 0.51. Out of the 32 proteins, 8 (nos. 11, 15, 21, 31, 12, 41, 16, 28) were predicted as adhesins (Table 1) . Furthermore, surface-exposed proteins such as outer membrane proteins and secreted proteins are usually ideal targets for vaccine development. Hence, the localization prediction of a secretory pathway was done through the TargetP 20 and SignalP 21 Web servers, which revealed important understanding of its site of action and functionality as a surface protein. Only 10 proteins (nos. 5, 8, 9, 15, 16, 17, 23, 24, 26, 31) cleared the test of SignalP; however, only 5 proteins (nos. 5, 17, 23, 24, 26) were predicted to contain secretory signal peptide using TargetP (Table 1) . Since it is difficult to clone, express, and purify proteins with more than one TM spanning region, such regions were predicted using the TMHMM 22 Web server. It was found that 26 (except nos. 6, 7, 9, 11, 19, 20) out of the 32 proteins had less than two TM spanning regions (Table 1) .
Since orthologous information for a vaccine candidate gives an idea of the probable use of the vaccine in other related species, an exhaustive search for potential orthologs was performed using a homology prediction program through the OrthoMCL database. 24 Most of the selected proteins have orthologs in the rodent malarial genomes (P.y. yoelii, P.c. chabaudii, and P. berghei), showing that these proteins are conserved across Plasmodia and hence might have important roles in the parasite life-cycle. Only two proteins (nos. 18, 32) have no orthologs on other related species such as P.y. yoelii, P.c. chabaudii, P. berghei, P. knowlesi, and P. vivax. Since vaccine candidates with similar sequence to the hosts (eg, human, mouse) may cause autoimmunity, six proteins (nos. 4, 9, 15, 19, 25, 29) showed similarity to the hosts whereas only two proteins (nos. 5, 6) were predicted as allergenic according to the similarity search of Allermatch™. 23 In case of molecular mimicry between host and pathogen epitopes, it is important to identify potentially pathogenic cross-reactive epitopes, which must be excluded from a protective immunogen. Most of the malaria vaccines work mainly by inducing serum antibodies, a necessary and often sufficient component of vaccine efficacy; however, it is well known that CD8+ T-cell responses are a key element of the immune reactivity elicited by several P. falciparum vaccines. 40 Therefore, prediction analysis of the CD8+ and CD4+ T-cell epitopes of asexual blood-stage antigens may prove to be essential in the design of a vaccine that targets the erythrocytic stage of the malaria parasite because antibodies cannot be efficiently induced in the absence of CD4+ T-cells, which play a key role in B-cell expansion, differentiation, class switching, and affinity maturation of the responses.
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T-cell epitopes analysis of asexual blood-stage proteins. Recent approach to identify targets of CD8+ and CD4+ T-cell responses in an antigen is based on the prediction of high-affinity binding class I or class II restricted T-cell epitopes using computational algorithms. These predicted peptides bind specific common HLA types or multiple alleles within an HLA supertype, and thereby provide coverage representative of all populations with ethnic freedom. [41] [42] [43] As suggested by Doolan et al, 15 this strategy would lead to a "hit" even if the accuracy of the predictions is as low as 10%. Scientific literature also depicted a correlation between immunogenicity and the capacity to bind multiple molecules from a given HLA supertype. [44] [45] [46] The high-affinity binding to prototype allele of a given supertype has been shown to be highly predictive of supertype binding and is more immunogenic in vivo. [47] [48] [49] Therefore, in order to identify the supertype and promiscuous candidate CD8+ and CD4+ T-cell epitopes, amino acid sequences of selected 32 proteins from P. falciparum were screened for potential HLA class I and II supertype binding epitopes using the MULTIPRED2 algorithm.
Analysis of HLA class I and II supertypes restricted epitopes. A comprehensive analysis of predicted HLA class I supertype epitope distribution [HLA-A (A1, A2, A3, A24, A26), HLA-B (B7, B8, B27, B44, B58, -B62), HLA-C (C1, C4)] is shown in Figure 2 . A total of 41,090 probable CD8+ T-cell epitopes were predicted, including 20,025 HLA-A, 20,731 HLA-B, and 334 HLA-C supertype binding peptides. Further, according to the MULTIPRED2 algorithm, peptides that were predicted to bind at least 50% of the alleles in a supertype are considered as promiscuous binders. The percentage of promiscuity was calculated using the number of alleles predicted to bind the peptide divided by total number of alleles in a supertype. Thus, a total of 4,055 promiscuous CD8+ T-cell epitopes were predicted including 2,343 in HLA-A and 1,712 in HLA-B supertypes (Fig. 3) . No promiscuous epitopes were predicted for the HLA-C supertype. Promiscuous T-cell epitopes are advantageous for vaccine design because they effectively increase the number of epitopes to which an individual can respond and provide much more extensive coverage of the population.
A similar comprehensive analysis of MULTIPRED2-predicted HLA class II-DR (DR1, DR3, DR4, DR6, DR7, DR8, DR9, DR11, DR12, DR13, DR14, DR15, and DR16) supertype epitope distribution was also done against the selected 32 proteins. A total of 2,657 probable CD4+ T-cell epitope candidates were predicted including 689 DR1, 327 DR3, 312 DR4, 137 DR6, 289 DR7, 28 DR8, 122 DR9, 112 DR11, 119 DR12, 159 DR13, 119 DR14, 175 DR15, and 70 DR16 supertype binding peptides (Fig. 4) . Out of 2,657, a total of 845 promiscuous CD4+ T-cell epitopes were screened using the MULTIPRED2 algorithm (Fig. 5) . On the basis of the percent of nonamers predicted as HLA class I and II supertypes epitopes, protein antigens are grouped into four major categories: 12 highly immunogenic antigens (nos. 3, 7, 9, 13, 15, 16, 19, 20, 22, 25, 26, 31) having $50% of nonamers predicted as supertype epitopes; 11 intermediately immunogenic antigens (nos. 1, 5, 6, 8, 11, 14, 17, 21, 23, 24, 27) having $40% and ,50% of the predicted epitopes; 5 weakly immunogenic antigens (nos. 4, 10, 28, 29, 32) having ,40% and $30% of the predicted epitopes; and remaining antigens characterized as poorly immunogenic (Figs. 2-5) . Finally, 18 antigens (nos. 3, 9, 11, 13, 14, 15, 16, 17, 19, 20, 21, 22, 23, 25, 26, 27, 31, 32 ) that are either highly or intermediately immunogenic have more than 5% of nonamers predicted as promiscuous epitopes of HLA-A, -B, or -DR supertypes (Figs. 3 and 5 ). These prediction data are useful for novel malaria vaccine design because the promiscuous and supertype peptide binders enable the reduction of the number of predicted epitopes without compromising the population coverage. 50, 51 Further, it is important to consider whether each MHC binding peptide is being correctly processed from the native antigen and subsequently displayed on the surface of antigenpresenting cells. At present, it is possible to predict the naturally processed peptides using the NetCTL algorithm with a combined epitope prediction score of 0.75, which includes predictions of proteasomal cleavage, TAP binding, and HLA binding. The performance of the integrated method is found to be significantly higher than that of the MHC binding prediction methods. In practical terms, the experimental effort needed to identify an epitope in a hypothetical protein with 85% probability is reduced by 20-30% when using the integrated method. 28 Thus, NetCTL can be used to effectively predict the pools of supertype epitopes and immunogenicity of a novel protein. (B7, -B8, -B27, -B39, -B44, -B58, -B62) supertypes for the selected 32 proteins. A total of 17,098 supertype CD8+ T-cell epitopes were predicted, including 9,028 HLA-A and 8,070 HLA-B supertypes (Fig. 6) .
Similarly, based on the percent of nonamers predicted as naturally processed supertype epitopes, 32 proteins are grouped into four major categories: 16 highly immunogenic antigens (nos. 1, 3, 5, 6, 7, 9, 11, 13, 15, 16, 19, 20, 22, 25, 26, 31) having more than 20% predicted supertypes epitopes; 11 intermediately immunogenic antigens (nos. 2, 4, 8, 10, 14, 17, 18, 21, 23, 24, 27) having .15% and #20% predicted supertype epitopes; 4 weekly immunogenic antigens (nos. 12, 28, 30, 32) with .10% and #15% predicted supertypes epitopes; and 1 poorly immunogenic antigen (no. 29) having ,10% predicted supertypes. 15, 51 On comparing the cost and time for in vitro/in vivo validation of the predicted epitopes, the NetCTL program is found to be more efficient in predicting immunogenic protein than MULTIPRED2 because of nearly 50% reduction in experimental work load. Hence, with the above criteria, the consensually predicted 16 immunogenic antigens (nos. 1, 3, 5, 6, 7, 9, 11, 13, 15, 16, 19, 20, 22, 25, 26, 31) using NetCTL and MULTIPRED2 could be considered as good vaccine targets for malaria and may be effective for larger human populations.
Furthermore, in the study of Doolan et al, 15 it has been shown that antigenicity against the P. falciparum is dispersed over a relatively large number of parasite antigens rather than narrowly focused on very few immunodominant proteins and epitopes. Therefore, these predicted results also support the concept that a multi-epitope vaccine construct would likely be needed to induce highly protective immunity against malaria. 53 Reverse and forward vaccinology approaches for vaccine development have also recently confirmed that combining multiple antigens in a vaccine provides broader protection against different strains of a pathogen than individual antigens. [54] [55] [56] Simultaneously, by eliminating extraneous sequences or antigens that may be detrimental to the induction of protective immunity, such vaccines may potentially be more immunogenic and protective than whole-organism vaccines. 57, 58 The current state-ofthe-art peptide vaccine is a complete synthetic inflammatory product that is ingested by professional antigen-presenting cells and stimulates both CD4+ and CD8+ T-cells. 59 Despite the advantages of a multiple-epitope-based vaccine that contains a mixture of peptides in generating broad immunity against several antigens from different stages of the life cycle, the major drawback is antigenic competition (or interference), which complicates vaccine development. Antigenic interference refers to the observation that administering multiple antigens often results in an antagonistic response to certain antigens compared to the immune responses observed when such antigens are administered individually. 60 The data presented herein may have several important implications. First, a strategy to mine proteomic data for the Figure 6 . Percent of nonamers predicted as epitopes of hla-a (a1, a2, a3, a24, a26) and hla-B (B7, B8, B27, B39, B44, B58, B62) supertypes against the selected panel of 32 P. falciparum protiens/antigens. identification of novel CD4+ and CD8+ T-cell epitopes recognized by multiple genetic restrictions has been described. Second, these data also suggest that strict immunodominance (ie, only one or a few antigens or epitopes dominating the responses) does not apply in the context of a complex parasite like Plasmodium. Finally, while the approach to supertype epitope identification in this study was tailored specifically for P. falciparum, it also represents a model system that could be applied to many other pathogens. The minimum requirement needed to utilize this approach is the availability of genomic/proteomic sequence data for the pathogen in question with other strategies, such as immunological screening, which takes into account the biological activity or function. 19, [61] [62] [63] The present study can be considered as a good example of the application of advanced bioinformatics techniques in vaccine candidate characterization and CD4+ and CD8+ T-cell epitope prediction. The identified vaccine targets could be prioritized according to the most immunodominant antigens recognized by a larger population with immunity to malaria. In vitro/in vivo technologies, such as MHC tetrameric staining, Cell-ELISA, ELISPOT, and intracellular cytokine staining (ICS), can be used for the exact measurement of cellular immune responses. 29 Overall, our predicted data provide a strong rationale for developing asexual blood-stage vaccine component as part of a multivalent effective malaria vaccine that may need to incorporate antigens of several life-cycle stages including liver stage.
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Conclusion
Currently, there is a lot of concern regarding the designing an effective malaria vaccine for a global population. The findings reported here suggest new ways forward for omics-guided vaccine target discovery, building on a reverse vaccinology approach. In the selected 32 proteins, of which 27 were novel extracellular antigens, half of the antigens are either highly or intermediately immunogenic, consensually predicted by NetCTL and MULTIPRED2 programs. Notably, we found that most of the selected proteins contain at least 10% of nonamers as HLA-A and -B restricted supertype CD8+ T-cell epitopes. We anticipates that T-cell immune responses against asexual blood stages of Plasmodium are dispersed on a relatively large number of novel antigens of the parasite rather than confined only to few known antigens. Further in-depth, multi-omic, immunoinformatics and structural biology approaches together in vitro and in vivo immunological validations will be useful to completely decipher the vaccine targets against malaria and the mechanism of action of the antigen processing and presentation.
